A meta-analysis of published and unpublished data (998 treatment means) comprising of milk production trials in dairy cows fed mainly grass silage-based diets was conducted to examine the effects of increasing milk yield on milk composition. The data was divided into seven subsets investigating the effects of level of concentrate, protein and fat supplementation, carbohydrate composition of the supplement, silage digestibility, silage fermentation quality or replacement of grass silages with legume silages. The relationships between milk yield and milk composition varied depending on dietary management. Both positive and negative relationships between milk yield and concentration of milk components (protein, fat and lactose) were observed. Correlation of milk fat and protein concentration ranged from negative to positive. Most of the relationships can be explained by relative changes in the supply of nutrients absorbed from the digestive tract.
INTRODUCTION
To optimize the economy of milk production the margin over feed cost within the limits of milk quota, animal health and environmental constraints should be maximized. In addition to milk volume, the income depends on milk composition (fat and protein concentration) and quality (bacteria, somatic cells). Milk pricing schemes are different between countries, but an increase in value of milk components -especially protein -at the expense of milk volume has been a general trend in most EU countries. HUHTANEN P., RINNE M.
Depending on milk pricing schemes the value of the changes in milk yield and milk composition can differ widely, and therefore it would be important to know the effects of increased milk yield on milk composition. It is well established that both genetic and phenotypic correlations between milk yield and concentrations of fat and protein are negative. Genotypic regression coefficients in Finnish Ayrshire for milk protein and fat concentration on milk yield were -0.73 and -1.23 g/kg per kg increase in milk yield (Juga, 1992) . The corresponding phenotypic regressions were -0.36 and -0.56, respectively. However, when milk yield is increased by improving the diet, the changes in milk composition may not follow the same pattern. For example, positive milk yield responses to higher concentrate supplementation (Gordon, 1984) or increased post-ruminal protein supply (Whitelaw et al., 1986 ) have been associated with increased protein concentration, whereas fat supplementation has often increased milk yield but decreased protein concentration (Wu and Huber, 1994; Lock and Shingfield, 2004) . However, the current information about the changes in milk protein and fat concentration associated with increased milk yield is qualitative rather than quantitative. Both milk yield and milk composition are strongly influenced by stage of lactation, but this subject is not discussed in this paper.
The objective of this study was to estimate the quantitative relationships between changes in milk yield and milk composition associated with increased nutrient supply. The analysis is based on a large data set from production trials in dairy cows fed diets based on grass silage.
MATERIAL AND METHODS

Description of the data set
Mean treatment values were collected from dairy cow studies using ad libitum feeding of grass silage based diets (n=998). Approximately half of the experiments were conducted in UK, half in Finland and a few in Ireland and Sweden. For the Finnish experiments, also unpublished data was used.
The data was divided into seven subsets based on the amount of concentrate (n=217), protein (n=363) and fat supplementation (n=29), carbohydrate composition of concentrate (n=114), silage digestibility (n=81) and fermentation quality (n=234), and replacement of grass silages with legume silages (n=48). Within each subset only the main factor varied; e.g., in studies investigating the effects of the concentrate level only the amount of concentrate varied but the composition of concentrate and forage were the same within a study. Number of treatment means, dry matter (DM) intake, dietary concentrations of crude protein (CP) and neutral detergent fibre (NDF), and milk production parameters for the whole data are shown in Table 1 . 
Statistical analysis
Mixed model regression procedure of SAS (Littell et al., 1996) was used to estimate linear and quadratic effects of independent response variables (e.g., amount of concentrate) on milk production parameters. The model was:
where B 0 + B 1 X ij + B 2 X 2 ij are the fixed effects, b 0 and b 1 are the random study effects (intercept and slope), i = 1…n studies and j = 1…n i values.
In quadratic models only the linear effect of independent variable was a random factor, because the models using quadratic effect as a random factor did not generally converge. Mixed model analysis removes the variation in experimental protocols, animal types and laboratory assays which contribute to study effects in these regressions, i.e. the relationships between Y and X variables within a study are investigated. Rationale and further details of using mixed model analysis to integrate quantitative findings from multiple studies are described by St-Pierre (2001) .
The following parameters were used in the sub-datasets to estimate the responses in milk production parameters to changes in diet composition: Adjusted Y values (adjusted observations) for milk production parameters were calculated as Y adjusted = Y predicted + residual. The Y predicted is simply value on the regression line (adjusted for random study effects). Residuals were generated by SAS OUTP option in the model.
The relationships between milk yield and milk composition were estimated by a simple regression model of the form:
where B 0 + B 1 X ij are the fixed effects. When the relationships appeared to be curvilinear also a quadratic term (B 2 X 2 ij ) was included in the model. It should be noted that adjusted values of milk yield and milk composition were used in this analyses.
A set point analysis was made for the relationships between milk yield and milk fat by Excel Solver. The data was fitted to linear regressions with a set point by minimizing the residual mean squared error between observed predicted values. The corresponding proportion of concentrate was estimated from the relationship from the quadratic regression equation between concentrate intake and milk yield.
RESULTS
The data showed large variation both in diet composition in terms of CP and NDF concentrations and in milk production (Table 1) . Within sub-datasets the variation was smaller but still substantial.
Amount of concentrate
Milk yield, milk protein and lactose concentrations and yield of milk components increased quadratically with increased level of concentrate supplementation. Milk fat concentration varied quadratically with the amount of concentrate reaching a maximum value at concentrate DM intake of 4.3 kg/d. Responses to increased concentrate feeding were relatively consistent within studies as indicated by small residual mean square error (RMSE) of adjusted milk yield (0.37 kg/d).
Higher milk yield resulting from increased concentrate feeding was positively associated with milk protein and lactose concentrations but negatively associated with milk fat concentration ( Table 2 ). The effect of increased milk yield on fat concentration was curvilinear with relatively small changes below adjusted milk yield of 28 kg/d (Figure 1 ). Set point analysis described changes in The yield of milk components increased as milk yield increased with concentrate feeding (Table 2 ). The effects were very consistent for protein and lactose yields, but fat yield responses associated with increased milk yield were more variable. The slope of regression represents concentrations of protein, fat and lactose in incremental milk yield. For example, additional milk contained 40.7 and 33.2 g/kg of protein and fat, respectively.
Protein supplementation
Milk yield increased quadratically in studies investigating the effects of protein supplementation. The RMSE of adjusted milk yield was 0.47 kg/d. Milk yield was positively related to milk protein concentration and negatively to fat and lactose concentrations in these studies (Table 3) . However, protein supplementation increased significantly milk urea concentration with the mean response being 47 mg urea/kg additional milk. Consequently, the effect of increased milk yield on urea-corrected protein concentration was less than half of that observed for uncorrected protein concentration. Increased milk yield in response to supplementary protein feeding was associated with higher protein to fat ratio in milk. Additional milk contained 39.1, 30.8 and 45.6 g/kg of protein, fat and lactose, respectively. Milk protein or urea-corrected protein and fat concentration were negatively correlated (P<0.001).
Milk urea concentration was negatively related to lactose concentration ( Figure  2 ). Although the variation in adjusted lactose concentration was small (range from 47.4 to 48.7 g/kg), the effect of urea concentration on lactose concentration was strongly significant (P<0.001).
Fat supplementation
Milk yield increased quadratically with increasing fatty acid concentration of diet reaching maximum at 48 g/kg DM in fat supplementation studies. Milk protein concentration decreased (P<0.001) with increasing milk yield, but fat and lactose concentrations were not associated with milk yield (Table 4 ). The yields of milk components increased with milk yield, but the slope of regression was only 16.1 for milk protein yield. 
Carbohydrate composition of the energy supplement
Carbohydrate composition of the concentrate had only minor effects on milk yield as indicated by the narrow range (24.9-26.8 kg/d) and the small coefficient of variation (1.24%) in adjusted milk yield, i.e. within a study the differences between diets were very small.
Milk protein concentration decreased (P<0.001) and lactose concentration increased (P<0.01) with increased milk yield (Table 5) , whereas milk fat 
Silage digestibility
Milk yield increased linearly in studies investigating the effects of silage digestibility on milk production. Milk yield was positively correlated with all milk components, although numerically the increase in lactose was small (Table 6 ). Due to greater increase in milk protein compared with fat concentration, the protein to fat ratio in milk increased with increased yield. When silage digestibility was improved by harvesting at earlier stage of grass growth additional milk had both high protein and fat concentrations as indicated by high slopes of protein and fat yield on milk yield (39.4 and 50.4 g/d, respectively). Protein and fat concentrations were not significantly correlated (r=0.14; P=0.11). 
Silage fermentation quality
Milk and especially fat and protein yields decreased linearly with increasing total acid concentration in silage. In-silo fermentation was manipulated by using different additive treatments (e.g., untreated, inoculants, enzymes, acids). Milk fat and protein concentrations were positively (P<0.001) related to milk yield in studies investigating the effects of silage fermentation characteristics (Table 7) . In silage fermentation studies milk yield and lactose concentration were negatively correlated. Protein to fat ratio in milk was negatively (P<0.01) related to milk yield. Incremental milk yield had high protein, and especially fat concentration. In silage fermentation studies milk fat and protein concentrations were strongly and positively correlated (r=0.72; P<0.001).
Replacement of grass with legume silages
Diets containing white clover silages were excluded from the analysis, because of very low NDF concentrations and generally different milk yield and composition responses compared with red clover, the most commonly used forage legume in Northern Europe. Milk protein concentration decreased with increased milk yield in studies examining the replacement of grass silages with legume silages (Table 8) . Also milk fat concentration was negatively associated with milk yield, but the effect was not significant. Lactose concentration increased with milk yield (P<0.01). Due to reduced concentrations of protein and fat in milk, additional milk had relatively low concentrations of protein and fat.
DISCUSSION
The objective of the present study was to examine quantitative relationships between milk yield and milk composition, when the most common dietary means to increase milk yield were investigated. A mixed model regression analysis was used to exclude study effects from the total variation, i.e. relationships between adjusted values within a study were investigated.
Milk protein concentration
Protein is the most valuable milk component and therefore there has been a continuous interest to increase milk protein concentration by nutritional means. The present analysis demonstrated that in most cases when the nutrition of cows is improved (CDMI, PSuppl, D-value and SFQ studies), milk yield and protein concentrations were positively correlated. The positive effects of the level of concentrate supplementation on both milk yield and protein concentration are well established, but in many protein supplementation studies the effects have failed to reach statistical significance. The effect of concentrate level on protein concentration is quadratic, and at high levels of supplementation milk protein concentration can decline (e.g., Ferris et al., 1999) . Significant positive effects of both improved silage digestibility (Rinne, 2000) and restricted in-silo fermentation on milk protein concentration have been reported from meta-analyses. In both cases these responses can be attributed to increased silage DM intake, and consequently increased energy supply to rumen microbes. Restricting in-silo fermentation will also increase microbial protein supply (Harrison et al., 2003) , because water solubles carbohydrates provide more energy for the growth of rumen microbes than silage fermentation products.
A general feature of the four nutritional means is that both the supply of metabolizable energy and protein (amino acids absorbed from small intestine; AAT) calculated according to MTT (2006) increased. However, there were substantial differences in the relative changes in ME and AAT supply (Table 9 ). Despite a wide range in the additional substrate supply the regression coefficients of protein yield on lactose yield were similar for the four means of dietary manipulation. This suggests that it is very difficult to increase milk protein yield more than lactose yield by dietary treatments. With post-ruminal casein infusion, which probably results in the highest amino acid to energy ratio in incremental nutrient supply (approximately 50 g AAT per MJ ME), the protein to fat ratio in additional milk yield was slightly above 1.0 (Huhtanen, 1998) . Marginal lactose yield response to increased ME supply was markedly higher in PSuppl studies (7.1 g per MJ ME) compared with CDMI (4.9), D-value (4.6) and SFQ (4.0) studies, respectively. This indicates that part of the increased supply of AAT from supplementary protein was used for gluconeogenesis and therefore was not completely available for milk protein synthesis. Indeed, abomasal infusion of casein has shown to increase glucose flux in dairy cows (Clark et al., 1977) . In PSuppl studies a large proportion of increased milk protein concentration resulted from increased milk urea concentration. This conclusion is based on an assumption that milk analysers were calibrated for crude protein, which was the case at least in the Finnish studies. In some studies milk protein was analysed by Kjeldahl method. It should also be noted that increases in milk yield in PSuppl studies were associated with large increases in milk urea concentration, which is a strong indicator of reduced efficiency of N utilization (Nousiainen et al., 2004) .
Fat supplementation often increased milk yield but decreases milk protein concentration (e.g., Wu and Huber, 1994; Lock and Shingfield, 2004) , in agreement with the present study. Fat supplements have often been used to replace starchy supplements, which reduces the concentration of metabolizable protein in the diet. However, increasing amino acid supply by post-ruminal casein infusion did not alleviate the adverse effect of fat supplementation on milk protein concentration (Cant et al., 1993) .
In the present meta-analysis milk yield and protein concentration were negatively correlated in studies investigating the substitution of cereal grains by fibrous by-products. In single studies published in the literature the effects have been variable. The adverse effect on milk protein concentration sometimes reported for fibrous by-products may be related to the inclusion of fat supplements in order to compensate for the lower energy concentration of fibrous by-products compared with cereal grains. In the present data, the concentrate fat and NDF concentrations were positively correlated (P<0.001) suggesting that increased diet fat concentration may, at least partly, explain the lower milk protein concentration with increasing concentrate NDF concentration. When low-fat high NDF byproducts such as sugar-beet pulp were compared with barley, no differences in milk protein concentration were observed (Castle et al., 1981; Huhtanen, 1987) . It should also be noted that the effects of concentrate carbohydrate composition on milk production were marginal and therefore the overall effect on milk protein concentration is not very large despite strongly negative regression coefficient.
The negative relationship between milk yield and protein concentration, when grass silage was partly or completely replaced with legume, mainly red-clover silages, is difficult to explain. Replacing grass silage with legumes increased milk yield quadratically reaching the maximum when legumes comprised proportionally 0.72 of the total silage DM. Protein flow to the small intestine has increased when red-clover has replaced grass silage in the diet (Dewhurst et al., 2003; Vanhatalo et al., 2006) but increased protein flow has been utilized inefficiently in milk protein synthesis. Protein to lactose ratio in incremental milk yield was 0.47 in legume studies, which is much lower than those shown in Table 9 but slightly higher than in FAT (0.34) and CHO studies (0.31). This suggests that the nutrient supply from diets based on red-clover silages favoured lactose rather than protein yield. The low ratio between protein and lactose yield increases is similar to that observed in post-ruminal glucose infusion studies (Huhtanen, 1998) . However, rumen fermentation pattern and protein flow measurements do not suggest greater relative increases in glucogenic nutrients compared with aminogenic nutrients in legume studies (Dewhurst et al., 2003; Vanhatalo et al., 2006) .
Milk fat concentration
In most cases increases in milk yield were associated with reduced milk fat concentration. When the amount of concentrates was increased, milk fat concentration was not markedly influenced before adjusted milk yield reached 28 kg/d corresponding proportionally 0.57 concentrate DM of total DM. A similar set point pattern was observed for milk fat yield; additional kg of milk increased fat yield by 40.9 g when the proportion of concentrate was below 0.57, but above it milk fat yield decreased by 60 g per kg increase in milk yield. Set point analysis explained the variation between milk and fat yield better than linear regression (R 2 0.90 vs 0.79). The study of Gordon (1984) is a good example that in cows fed grass silage milk fat concentration is resistant to changes in the level of concentrate supplementation. The small responses in milk fat concentration to increased concentrate feeding are consistent with small effects of dietary starch concentration and proportion of concentrate on rumen VFA pattern in cows fed grass silage-based diets (Sveinbjörnsson et al., 2006) . Weiss et al. (2003) concluded that a feature of diets based on grass silage is that the profile of the three major ruminal VFA are resistant to changes in response to addition of starchy concentrates. At high levels of concentrate inclusion, the decreases in both milk fat concentration and yield may be related to changes in rumen biohydrogenation and increased flow of trans-10 isomers of C18:1 to the small intestine (Griinari et al., 1998) .
The negative relationship between milk yield and milk fat concentration in studies investigating the effects of increased protein supplementation is more likely to be a dilution effect rather than a consequence of changes in the supply of milk fat precursors to the mammary gland. A strong positive relationship between adjusted milk and fat yield supports this suggestion. Protein supplementation of grass silage-based diets increases both silage DM intake (Oldham, 1984; Huhtanen, 1998) and diet digestibility (Oldham, 1984) providing precursors for increased milk fat synthesis.
Increased milk yield in response to improved silage digestibility was associated with a small increase in milk fat concentration in spite of reduced NDF concentration in the diet. This can be related to rumen fermentation pattern high in butyrate in cows fed highly digestible silages (Rinne et al., 2002) . Intraruminal butyrate infusions have increased milk fat concentration (Miettinen and Huhtanen, 1996) .
Increased milk yield resulting from restricted silage fermentation was associated with increased fat concentration as indicated by a high (63.6 g/kg) fat concentration in the additional milk yield. These responses are likely to be explained by increased silage DM intake with reduced total acid concentration and associated changes in rumen fermentation pattern. Residual sugars in restrictively fermented silages will favour increased proportions of acetate and butyrate in rumen VFA (van Vuuren et al., 1995; Harrison et al., 2003) , whereas lactic acid is fermented to propionate (van Vuuren et al., 1995; Sveinbjörnsson et al., 2006) . The strong positive correlation between fat and protein concentrations in silage fermentation studies is likely to be explained by relative changes in milk fat precursors; the supply of both fat (acetate and butyrate) and protein precursors (microbial protein) increase, whereas the supply of main lactose precursor (propionate) decreases as the extent of in-silo fermentation is restricted.
Milk lactose concentration
Lactose is the main regulator of osmotic pressure in milk and lactose synthesis determines the milk volume. Generally the effects of diet composition on lactose concentration have been small and seldom statistically significant. Fish meal supplementation (Broderick, 1992) and increased butyrate supply manipulated by intraruminal infusions (Miettinen and Huhtanen, 1996) are few examples of studies, in which significant dietary effects on lactose concentration have been reported.
Although in single studies dietary effects on lactose concentration are seldom significant, the present meta-analysis showed strongly significant relationships between response variables (e.g., concentrate DM intake, dietary CP concentration) and lactose concentration, and between milk yield and lactose concentration. Regression coefficients between milk yield and lactose concentration varied from approximately 0.15 g/kg per kg milk in CDMI, CHO and Legume studies to approximately -0.10 in PSuppl and SFQ studies. At least in CDMI, PSuppl and SFQ studies there is enough data (>200 treatment means) allowing to hypothesize possible mechanisms.
In CDMI studies glucose supply increases with increased concentrate supplementation mainly due to increased DM intake and increased duodenal starch flow, but possibly also because of changes in rumen fermentation pattern, at least at high proportions of concentrate. Entry rate of glucose is closely related to digestible energy intake (Elliot, 1980) and increases approximately 115 g per kg increase in DM intake. In the present data milk yield increased 1.3 kg per kg increase in total DM intake, when the amount of concentrate supplementation was increased. This corresponds to about 90 g increase in glucose requirement (Danfaer, 1994) , i.e. the supply of glucose increased more than the requirement with high concentrate diets.
The negative relationship between milk yield and lactose concentration in protein supplementation studies was associated with increased milk urea concentration. It is possible that urea increased the osmotic pressure in milk and therefore less lactose was needed to excrete additional milk produced with improved amino acid supply. A similar negative relationship between urea and lactose concentrations was observed in practical milk samples (Nousiainen J., personal communication) . However, although the negative relationship between milk yield and lactose concentration was highly significant, lactose concentration in additional milk was only marginally lower than the mean lactose concentration (45.6 vs 48.0) in protein supplementation studies.
Milk lactose concentration increased significantly with total acid concentration in the diet. Because increased TA concentration was associated with reduced milk yield, lactose concentration decreased with milk yield when silage fermentation was restricted. As discussed above, molar proportion of propionate in ruminal VFA is directly related to the concentration of lactic acid in silage. High lactate silages have sometimes increased plasma glucose concentration compared with restrictively fermented silages (Heikkilä et al., 1998; Shingfield et al., 2002) suggesting that glucose supply may limit milk yield in cows fed restrictively fermented silages.
CONCLUSIONS
The present analysis demonstrated that when milk yield is manipulated by dietary management, the relationships between milk yield and milk composition are in most cases different from genotypic and phenotypic correlations. Milk protein concentration increases with milk yield, when the nutrition of cows is improved by feeding more concentrates and supplementary protein or when the digestibility or fermentation quality of silage is improved. Milk fat concentration is reduced with increased concentrate and protein supplementation, but the effects on concentrate feeding on fat concentration are small below the set point in concentrate proportion (0.57 of total DM). The relationships between milk fat and protein concentration were variable depending on how diet composition was changed ranging from negative (e.g., CDMI) and non-significant (e.g., silage D-value) to strongly positive (silage fermentation quality). Statistically significant positive relationships between milk yield and lactose concentration were observed. Generally the observed relationships can be explained by relative changes in the supply of glucogenic, lipogenic and aminogenic nutrients absorbed from the digestive tract.
